We propose a modified rotating MIT bag model for hadrons. Our rotating bag is assumed to consist of three parts: one tube of color flux lines (gluon field) and two sub-bags which are connected by the tube. It is shown that the Regge trajectory of p-meson can be reproduced fairly well by our present model with the usual MIT bag parameters. § 1.
The MIT bag model!) has been quite successful in reproducing the observed masses and other static properties of the low-lying hadrons. It is very important to discuss whether or not excited states of the hadrons (resonances) can be explained in the framework of the bag model. A number of excited states have been described successfully by considering collective excitations of the bag.
)
In particular, Johnson and Thorn 3 ) investigated a series of excited states known as the Regge trajectory by using the rotating bag model. They assumed that the rotating bag has stringlike shape with two ends by the centrifugal force and the transverse length is negligible compared with its longitudinal one. From this onedimensional bag model, they succeeded in reproducing the experimental value of the Regge slope very well. Furthermore it was showt: by Wakimaru and one of the present authors (M. I.) that this simple model can explain not only the Regge slope but also the energy spectra of the trajectories. 4 ) On the other hand, Eguchi and Migdal et aJ.5) also discussed the excited states by using their string models 'which are independent of the bag model. Any string model which has been proposed is based on the assumption that the shape is stringlike or one-dimensional.
Is the assumption of the stringlike shape, however, surely true? section of the stringlike bag, which we call tube, can be given by
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A radius of cross (1) in the Johnson-Thorn model as shown in the later discussion. Here B and a in the equation denote the bag constant and the coupling constant of QeD respectively. The value of ro is 1.6 (fm) if the parameters B and a are chosen so as to reproduce the energy spectra of the low-lying hadrons.l) The resulting cross section is too large to be negligible (fat string!). Therefore we are forced to conclude that the JohnsonThorn model is not self-consistent· as it is. 6) It is the purpose of this paper to overcome this defect. We modify the JohnsonThorn model so as to have finite cross section. Then we will investigate whether our modified model can reproduce the Regge trajectory. In this paper, we restrict ourselves to the case of meson trajectories in order to illustrate our basic idea. § 2. Our model First we assume that the rotational motion can be treated by semi-classical approximation according to Ref. 3) ; the deformed bag rotates with a constant angular velocity (j) which is a c-number. There exists the rotating coordinates system So with the same angular velocity (j) as that of the bag. It is assumed that the bag is static in So.
Let us consider the geometrical shape of the static bag in So. Johnson and Thorn assumed that the centrifugal force would lead to a greatly elongated bag whose length is much larger than its transverse dimension. (Fig. 1 ) However this assumption is not correct. In order to see this fact, let us calculate a radius of the tube. We assume that the cross sectional area of the tube is constant everywhere. Then one can make use of Gauss' law of QCD, 3) eoA=4/47ra/3, (2) where A is the cross sectional area of the tube and eo is the absolute value of the color-electric field Ea in the rotating coordinates system; that is, e 02=. '2},aEa· Ea (the index a stands for color). On the other hand, the inward pressure by the volume energy and the outward pressure by the color-electric field are in balance on the surface of the tube: (3) Substituting this equation into Eq. (2), we obtain the expression of A. Noting that our three-dimensional space in So is a non-Euclidean space, the radius at the point having a distance of d from the origin is given by (4) where ro is given by Eq. (1) and the natural units are employed (c=n=l). The reduction factor (1 -(j)2 d 2 )l!4 has rather small influence on the following calculations as shown later. Consequently we neglect this factor hereafter. If the usual bag parameters (17) are used, the value of ro becomes 1.6 (fm) and is so large that the assumption of the one-dimensional approximation is inconsistent.
In this paper we do not take the stringlike picture in Fig. 1 deformed bag has a three-dimensional body. What shape does a rotating bag have? Here it is very important to recognize that the bag tends to separate into two sub:bags. For example, let us consider a static bag which has two typical configurations as shown in Fig. 2 ; (a) corresponds to a usual spherical bag and (b) to a polarized bag composed of two spherical sub-bags which contain one massless quark respectively. Assuming that the two sub-bags do not interact with each other, let us calculate both energies Ea and Eb corresponding to the configurations (a) and (b) respectively. Then we get the relation,
where use has been made of the usual bag model in Ref. This important observation immediately leads us to the following picture of the rotating deformed bag; it is composed of two sub-bags connected to each other by the classical gluon field. Hence it consists of three parts which are two sub-bags and one tube (circular cylinder) between them as shown in Fig. 3 . Each sub-bag is assumed to be the usual spherical bag containing only one quark (anti-quark) and the tube to have a constant cross sectional area which is not negligible. This means that the color-electric field in the tube is a constant vector in the same direction as the tube.
Since we have fixed geometry of the deformed bag, let us go over to physics of our system. The sub-bag is assumed to be a usual spherical bag whose energy is given by (6) where R is the radius of the sphere (sub-bag). The right-hand side of this equation represents the kinetic energy of the quark, the volume energy and the zero point energy in the bag respectively. In this paper the value of R is determined so as to minimize the enegy m of the sub-bag, that is, it is given by =( 2.04-Z )1/4 R 4TCB
Next let us determine the gluon field in the tube. The color-magnetic field vanishes in the rotating coordinates system So. The color-electric fiel<:i is given by the same equation (2) . Moreover the dynamical equilibrium condition (3) also holds, so that the radius of the cross section of the tube is given by the relation (1 We are now in a position to calculate the Regge trajectory on the basis of our model. Our calculational procedure is the same as that of Johnson-Thorn model in Ref. 3 ). The total energy and (orbital) angular momentum of our system are given by (8) (9) respectively, where E and B represent the color-electric and magnetic fields in the laboratory system respectively. The z-axis is chosen to coincide with the axis of rotation. The color indices have been neglected in these equations and will be done hereafter. The first terms on the right-hand sides of these equations are the contributions from the gluon field and the volume energy in the tube and the second terms those from the two sub-bags. Here we have assumed that the sub-bag can be replaced approximately by an "effective" quark localized at the center of the sub-bag. The mass and velocity of the effective quark are represented by m and v respectively. The value of m is given by Eq. (6) and that of v by v=(l + R)w , (10) where 21 represents the length of the tube (Fig. 4) .
In order to carry out the integrations in Eqs. (8) and (9), let us introduce the instantaneous rest frame of each point in the tube (local inertial system of coordinates). If a velocity of the point is v in an instant, the gluon field in the laboratory system is represented by those in the rest frame as follows:
where Eo is the color-electric field in the rest frame and the vector n is defined by v/\v\. Substituting these equations into Eqs. (8) and (9), we obtain (Fig. 4) Our final expressions for E and L have only two parameters: wand I. These should be determined so as to minimize the total energy E under a given angular momentum (14) of the system. Thus we have obtained a series of excited energies as a function of L, which is called the Regge trajectory.
Finally one must take into account a condition of the relativity; velocity must not exceed the light velocity (c=l). It should be noted that wand 1 must be chosen so as to be consistent with the condition. This means that the velocity of the most distant point from the origin must not exceed the light velocity, This condition must be taken into account when the energy E is minimized with respect to wand I. § 4. Numerical results Before carrying out the nu,merical calculations, our results must be modified concerning the angular momenta. Equation (14) on the orbital angular momentum L has been derived by using classical dynamics. We take into account quantum mechanical effects as follows: The angular momentum L should be replaced by Moreover there exists the problem on the spin angular momentum of the quark. If the total spin angular momentum of our system is denoted by S, the total angular momentum j becomes L +S (parallel) or \L-S\ (anti-parallel) usually. One must choose the coupling scheme which makes the total energy lower than the other coupling scheme for a fixed value j. The numerical calculation prefers the parallel coupling scheme, j=L+S. We find that our model reproduces the Regge trajectory of p meson fairly well in spite of no adjustable parameters. The spectrum by our threedimensional model is very similar to that by the string model. The reason is as follows: In spite of the one-dimensional approximation, the cross section of the string model has the same size as that of our model in their calculation.
3 )
As a result, the gluon field in the string is very similar to ours.
We have also calculated the length of the tube and the velocity of the effective quark. The ratios of I to Yo are drawn in Fig. 6 . As has been expected, the length is smaller than the radius of the cross section under the lower angular momentum. In Fig. 7 , the velocity of the effective quark is shown. It is seen that the velocity immediately is, saturated and smaller than the light velocity (= 1). This property is due to the condition of relativity (16) because the velocity of the point, which is most distant from the origin, is very close to the light velocity. At the same time it should be noted that the reduction factor (4) at the end of the tube is near the unity, which is consistent with our previous assumption. § 5.
Concluding remarks
We have proposed a modified rotating bag model which is described by two sub-bags connected with each other by the classical gluon field. It has been also shown that the model reproduces the Regge trajectory of p-meson fairly well. This model is based on the assumption of polarizability of the meson bag.
In this paper we have made use of the local inertial system at each point of the bag in the actual calculations. Of course it is possible to discuss our static problem on the gluon field in the rotating coordinates system So. Then it should be noted that it is the non-inertial system of coordinates. One can write down "Maxwell equations" of the gluon field according to Ref. 7) . Solving these equations, we have the same results (13) and (14).
In order to clarify our basic idea, we have restricted ourselves to the case of p-meson trajectory. It is necessary for us to investigate the other Regge trajectories by using the present model. In particular it is interesting to think of the baryon trajectories. The baryon bag may consist of two sub-bags connected by the gluon field just as the meson bag considered in this paper. 3 ) One of the two sub-bags should be supposed to contain two quarks (diquarks) which is equivalent to one anti-quark concerning the color degrees of freedom. The detailed calculations will be published elsewhere.
Finally we would like to comment on the relation between our model and the chiral quark model.
S )
The Jr meson is described as a smaller spherical bag containing two quarks in the singlet spin state in our model. If the sub-bag containing one quark and the Jr-meson bag were regarded as fundamental particles, we notice that our model is similar to the chiral quark model. It will be interesting to pursue this speculation furthermore.
